The new ternary transition metal antimonide, Cu 3 Ru 6 Sb 8 , has been synthesized by a solid-state reaction of the elements at 1023 K. Its crystal structure has been established by single-crystal X-ray diffraction methods. It crystallizes in a new structure type in the trigonal crystal system (Pearson index hP17) in space group P3 ̅ m1. The asymmetric unit of this structure contains six crystallographically independent sites: one Cu (site symmetry .2/m.), three Ru (Ru1 (.2/m.), Ru2 (3m.), and Ru3 (3 ̅ m.)), and two Sb sites (Sb1 (.m.) and Sb2 (3m.)). Two of the Ru atoms and the Cu atom are coordinated to six Sb atoms in a distorted octahedral fashion; the third Ru atom is found in a trigonal bipyramidal environment of five Sb atoms. The structure can be viewed as a hexagonal closed-packed array of Sb atoms, with Ru and Cu atoms in the interstices, representing a lattice that is an ordered variant of the NiAs structure. Electronic structure calculations provide insight into the chemical bonding in this transition metal antimonide. From magnetic and resistivity measurements on polycrystalline material, the compound is metallic and exhibits magnetic response that shows an effective moment smaller than any free-ion values, suggestive of weak itinerant magnetism.
Introduction
Over the years, antimonides based on the transition metals have attracted much attention because of their interesting properties. For example, such compounds are known as superconductors, [1] [2] [3] [4] topological insulators, 5 and magneto-resistive materials. [6] [7] [8] This wide range of physical properties can be correlated with their various crystal structures and bonding interactions. [9] [10] [11] [12] [13] [14] [15] [16] Consequently, the structural aspects of antimonides have also been extensively studied-a recurring theme in the literature is the tendency of antimony atoms to form homoatomic bonds in the forms of dimers, trimers, squares, infinite chains, and planes. [9] [10] [11] [15] [16] [17] [18] The added complexity to their crystal structures from the stabilization of such polyanionic units, and the availability of variable oxidation states in the transition metals have resulted in many compounds with intricate crystal structures. Some of them show very low thermal conductivity, while maintaining good electrical conductivity. Such combination of properties opens the possibility for applications as thermoelectric materials, which has been explored already for Yb 14 MnSb 11 , 19, 20 and other related antimonides. [21] [22] [23] [24] Despite the considerable progress, still little is known about systems with more than one transition metal, not only among the antimonides, but among arsenides and bismuthides too. Such compounds could exhibit unusual magnetism owing to the presence of two or more transition metals with different electronegativities and d-electrons. Some specific examples include Ti 5 29 among others. Many of the known phases are substitutional derivatives of binary antimonides, i.e., the transition metals are not crystallographically ordered, but rather are mixed on the same sites. A literature survey of the ternary Ru-M-Sb systems (M = 3d transition metals) shows that they are relatively unexplored, and only a handful of compounds are known. Examples include TiRuSb, 30 VRuSb, 30 Cr 1-x Ru x Sb 2 , 31 Ni 0. 5 Ru 0.5 Sb 3 , 23 and
Zn 7 Ru 9 Sb 8 . 32 Hence, our groups decided to explore Ru-M-Sb systems in which the M atoms have differing electronegativities and d-electrons in their valence shells.
In this report, we detail the synthesis and structural characterization of a new ordered ternary antimonide, Cu 3 Ru 6 Sb 8 , which also represents a new structure type. Additionally, we discuss the electronic structure and the magnetic response of Cu 3 Ru 6 Sb 8 .
Experimental
As a general practice in our laboratories, all starting materials were stored and handled inside an Ar-filled dry box, despite the fact that oxidation of the Cu, Ru, and Sb metals is not a concern. Elemental Ru ( powder), Cu (shot), and Sb (shot), all with stated purity 99.5 wt%, were used as obtained.
Synthetic procedures
Small crystals of Cu 3 Ru 6 Sb 8 were first obtained at Northwestern University from a reaction of Cu (9.4 mg, 0.148 mmol), Ru (15.0 mg, 0.148 mmol), and Sb (18.0 mg, 0.148 mmol). The reactants were weighed and transferred into carbon-coated fused-silica tubes that were then evacuated to ca. 10 −4 Torr, flame sealed, and placed in a computercontrolled furnace for heat treatment. The reaction mixture was initially heated to 973 K in 24 h and held constant at this temperature for 24 h. The temperature of the furnace was then raised to 1073 K at 4.1 K h −1 , and the reaction mixture was annealed for 96 h. Finally, the reaction mixture was allowed to cool to 298 K by switching off the furnace. The reaction product consisted of Cu 3 Ru 6 Sb 8 and Cu 2 Sb crystals, both of the same habit and appearance (silver colored). Through examination of several crystals one was found that had a unit cell different from that of Cu 2 Sb. After the structure and composition of Cu 3 Ru 6 Sb 8 were established from singlecrystal X-ray diffraction work and the chemical make-up of the new phase was verified by semi-quantitative EDX analysis, the synthesis was repeated at the University of Delaware from a stoichiometric solid-state reaction. A two-step process was needed to obtain a homogeneous product. In the first step, stoichiometric amounts of Ru powder, Cu chunks, and Sb powder with total mass of approx. 0.5 g were loaded in an alumina crucible. The crucible was put into a silica tube, which was then evacuated and flame sealed. The heat treatment in step one was the following-heating to 973 K in 15 h, followed by homogenization at 973 K for 96 h, and cooling to 573 K in 96 h. After that, the furnace was switched off. The resulting product was then ground into fine powder using an agate mortar and pestle, and compacted into a pellet of 5 mm diameter under 250 MPa of pressure. In the second step, the pellet was transferred into an alumina crucible, which was then jacketed inside a silica tube before flame sealing the tube under vacuum (ca. 10 −4 Torr). The pellet was then heated to 1273 K in 12 h, kept there for 10 h, and then cooled to 1023 K in 14 h, followed by annealing for 72 h. Finally, the sample was cooled to 298 K over a period of 6 h. The resulting pellet was silver-metallic in color. The stability of polycrystalline Cu 3 Ru 6 Sb 8 in laboratory air was checked by X-ray powder diffraction (XRPD). It was found that the XRPD pattern of Cu 3 Ru 6 Sb 8 remains unchanged for at least one month, suggesting that the compound is stable in air.
Crystallography
The crystal structure of Cu 3 Ru 6 Sb 8 was determined from single-crystal X-ray diffraction data collected with the use of graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) at 100(2) K on a Bruker APEX2 diffractometer. The algorithm COSMO implemented in the program APEX2 was used to establish the data collection strategy with a series of 0.3°scans in φ and ω. The exposure time was 15 s per frame and the crystal to detector distance was 60 mm. The collection of intensity data as well as cell refinement and data reduction were carried out with the use of the program APEX2. 33 A semiempirical absorption correction based on symmetry equivalent reflections was performed with the use of the program SADABS. 34 Precession images of the data set provided no evidence for a super cell, twinning, or for modulation. The structure was solved and refined in a straightforward manner with the use of the SHELX-14 algorithms of the SHELXTL program package. 35 The ADDSYM routine in PLATON did not indicate any missing symmetry. 36 The program STRUCTURE TIDY was used to standardize the atomic positions. 37 Further details are given in Table 1 and in the ESI. † X-ray powder diffraction data were collected at 298 K on a Rigaku MiniFlex powder diffractometer, operated at 0.45 kW and using Ni-filtered Cu Kα radiation. Data were collected in a θ-2θ mode (2θ range of 5°to 70°) with a step size of 0.02°and 1 s per step scan speed. Data analysis was carried out using the JADE 6.5 software package.
Additional characterization and property measurements
Energy-dispersive X-ray analyses were obtained with the use of a Hitachi S-3400 SEM microscope. Multiple spots on several crystallites were analyzed. The averaged results were in good quantitative agreement with the refined composition. 
289.4 Goodness-of-fit on F Four-probe resistivity measurements on the pellet of polycrystalline Cu 3 Ru 6 Sb 8 were done with the use of a Quantum Design Physical Property Measurement System (PPMS). The measurements were carried out in the range of 5 K to 300 K with an excitation current of 5 mA. Four platinum wires were connected to the sintered pellet using EPO TEK H20 silver epoxy.
Magnetization measurements were carried out using a Quantum Design MPMS. Raw data were corrected for the diamagnetic contribution from the gel-cap holder, and converted to magnetic susceptibility. Field dependent magnetization (field-sweep) was measured at 2 K and 10 K by gradually increasing the applied magnetic field up to 70 kOe.
Electronic structure calculation
The electronic structure of Cu 3 Rb 6 Sb 8 was computed with the Stuttgart TB-LMTO 4.7 program. 38 The total and the partial Density of States (DOS), as well as the Crystal Orbital Hamilton Populations (COHP) of selected interactions are presented here. The local density approximation (LDA) was the method of choice to treat the exchange and correlation. 39 All relativistic effects except spin-orbit coupling were included and estimated by using a scalar relativistic approximation. 40 The symmetry of the potential is considered spherical inside each Wigner-Seitz (WS) sphere, 41 and the radii of WS spheres were determined by an automatic procedure and were as follows: Cu = 1.51 Å; Ru = 1.50-1.62 Å, and Sb = 1.43-1.47 Å. The basis sets included 4s, 4p, and 3d orbitals for Cu; 5s, 5p, 4d, and 4f orbitals for Ru; 5s, 5p, and 5d orbitals for Sb. The Ru 4f and Sb 5d orbitals were handled by the Löwdin downfolding technique. 42 A total of 394 irreducible k-points in the Brillouin zone were used, and the k-space integrations were done using the tetrahedron method.
Results and discussion

Synthesis
As mentioned in the Introduction, there are very few pnictides that are based on Ru and another transition metal. 23, [30] [31] [32] A search of the ICSD database 43 shows that ternary pnictides formed between the metals of groups 8 and 11 are largely unknown, with CuFeAs (Cu 2 Sb type) being the only structurally characterized example. 44 The antimonide Cu 3 Ru 6 Sb 8 is the first compound of these three elements. That it crystallizes in a new structure type should pave the way for further synthetic and structural work in groups 8-11-15 phases. We tried to expand our studies into the Cu-Ru-As system, but the preliminary results indicate that an arsenide Cu 3 Ru 6 As 8 cannot be easily made. If the phase does exist, then for it to be synthesized, the experimental conditions used for the Sb-archetype will have to be significantly modified. Another synthetic complication is the tendency of As to sublime. Thus, instead of an open crucible, the solidstate reactions involving As must be carried out in sealed containers. This requirement is difficult to meet as As reacts readily with Nb, the common metal of choice for sealed-tube containers. Evidence for this is the compound NbRuAs (TiNiSi type) 45 that was inadvertently obtained from such a reaction.
The CIF for it is provided as ESI † (ICSD depository number CSD 432020).
Structure description
A view of the Cu 3 Ru 6 Sb 8 structure is presented in Fig. 1 . This new ternary compound crystallizes in what appears to be a previously unseen structure type in the centrosymmetric space group P3̅ m1 (Pearson index hP17).
The structure has one formula unit per cell, and boasts a very small volume of 312 Å 3 . Thus, it is very surprising that this crystallographic arrangement is without a precedent so far. 43, 45 The asymmetric unit comprises six independent sites:
Cu (1) Table 2 ).
The best way to describe the crystal structure of Cu 3 Ru 6 Sb 8 is by recognizing its close relationship with the hexagonal NiAs structure type. 45 Recall that NiAs can be dubbed as the "hexagonal analogue" of the cubic rock-salt structure; that is, the As-atoms form a hcp-lattice, with the Ni-atoms filling all octahedral holes. This means that all metal atoms are 3 Ru 6 □ Sb 8 total structure can therefore be rationalized as a "stuffed" derivative of the NiAs structure. Taking a careful look at the coordination of the tetrahedral fillers provides some interesting observations. First, the Ru(2) atoms are not necessarily in tetrahedral holes-they can also be seen as being in a trigonal bipyramidal environment of five nearest Sb atoms, as shown in Fig. 3 . Second, the Ru(2) atoms also have other metals in their first coordination sphere- Fig. 3 shows Ru(2) occupying the center of a trigonal prism formed from three Ru(1) and three Cu(1) atoms. The Sb trigonal bipyramid and the Cu/Ru trigonal prism are "overlayed" in a way that the faces of the metal-based trigonal prism are capped by Sb atoms-three Sb(1) atoms capping the rectangular faces and two Sb(2) atoms capping the triangular faces. The disparity between the axial Ru(2)-Sb(2) distances is obvious (the two Ru(2)-Sb(2) contacts differ by almost 0.3 Å; Table 3 ). Nevertheless, when compared to the sum of the Pauling single-bonded radii of Sb (1.391 Å) and Ru (1.246 Å), 46 it is clear that on average, all Ru(2)-Sb bonds are very strong. Having discussed Ru(2)-Sb distances to its nearest neighbors, it is useful to compare and contrast all Ru-Sb interactions. The NiAs structure provides dense packing; therefore, it is reasonable to expect that a "stuffed" version of this arrangement of hcp layers of Sb atoms with Ru and Cu atoms in between will result in unusual interactions. For example, the octahedral units of Ru(1)Sb 6 are slightly distorted and have shorter apical than equatorial distances. The apical Ru(1)-Sb(2) distances (2.66 Å) are nearly at the mid-point of a U eq is defined as one-third of the trace of the orthogonalized U ij tensor. 
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This journal is © the Partner Organisations 2016 (3) Å is longer than the sum of the metallic radii of two Ru atoms; hence this interaction can be considered very weak. The shortest Ru (1)⋯Ru (1) and Ru (1) (2) as compared with those of Ru (1) and Ru(3) . Unlike the Ru(1)Sb 6 units, the Ru(3)Sb 6 octahedra are not involved in any sharing of their Sb atoms with other neighboring Ru-octahedra within the same slab (Fig. 2) . However, the Ru(3)Sb 6 octahedra are fused by six Cu(1)Sb 6 octahedra into a Cu 3 [Ru(3)] 1 Sb 4 layer (Fig. 2) . The shortest Ru (3)⋯Ru (3) distance (5.384 Å) is indicative of a non-bonding interaction.
The Cu(1) atoms in this structure are surrounded by four Sb(1) and two Sb(2) atoms in a slightly distorted octahedral fashion. The Cu(1)Sb 6 octahedra are axially compressed, similar to the Ru(1)Sb 6 units, but the median Cu-Sb distance is longer than any of the Ru-Sb distances ( Table 3 ). Given that the Cu radius is smaller than the Ru radius, such long contacts indicate weak interactions. Comparable Cu-Sb distances are reported in other known compounds with Cu in octahedral coordination of Sb, such as Cu 3 V 2 Sb 4 (average Cu-Sb distance = 2.845 Å). 48 In addition to the six Sb atoms within their coordination sphere, the Cu(1) atoms also have two Ru(1) and two Ru (2) closest neighbors at distances 2.6918(2) Å and 2.5986(2) Å, respectively (Table 3) . Emphasizing metal-metal interactions among the Ru(1), Ru(2), and Cu (1) atoms, we show them as forming a hexagonal channel-like structure, where Cu(1) and Ru(1) form chains parallel to the c-axis (Fig. 4) . Each Cu(1) atom in these chains is also connected to two Ru(2) atoms giving rise to the step-like units that are the building block of hexagonal cages. These hexagonal channels are filled by the Ru(3) atoms.
Electronic structure
The simplest approach towards understanding the electronic structure of Cu 3 Ru 6 Sb 8 is to assign oxidation numbers to the elements as follows: (Cu 2+ ) 3 (Ru 3+ ) 6 (Sb 3− ) 8 , which leads to a charge balanced composition, akin to a semiconductor. This notion, of course, is an exaggeration, and clearly contradicts the metallic behavior of Cu 3 8 , leaving some electrons/holes in the conduction band to account for the experimentally observed metallicity. However, the weak itinerant magnetism and the effective moment that is much smaller than any of the possible free-ion values (vide infra) do not support such formulations.
To investigate the nature of the interactions in Cu 3 Ru 6 Sb 8 , electronic band-structure calculations on the basis of TB-LMTO-ASA method were carried out; the total density of states (TDOS), partial density of states (PDOS) and Crystal Orbital Hamilton Populations (COHP) curves for Cu 3 Ru 6 Sb 8 are plotted in Fig. 5 . As seen, there is no band gap between the valence band and the conduction band; the Fermi level is located in a region of relatively high DOS, fully consistent with the metallic behavior of Cu 3 Ru 6 Sb 8 . The electronic band structure can be separated into two distinct energy ranges. The first comprises lower energy bands in the window from ca. −12.5 eV to −9 eV; these are mainly contributions of the Sb 5s orbitals, which are fairly well localized. The second, much broader region spans over 6 eV; it starts from ca. −6.5 eV and extends to just below the Fermi level. The bands that are contributing the most here originate from the admixture of Ru 4d, Cu 3d, and Sb 5p orbitals. The distribution of these bands is very similar and the substantial overlapping is suggestive of strong bonding interactions between the corresponding elements. This is consistent with the COHP curves of the Ru-Sb and Cu-Sb interactions that show them as nearly optimized around the Fermi level. Note that the interactions between Ru and Sb atoms appear to dominate the overall bonding. The electronic structure calculations do not show any significant homoatomic Sb-or Ru-bonding. Specifically, there are Sb⋯Sb contacts in Cu 3 Ru 6 Sb 8 that measure 3.236(1) Å, which in other antimonides can be interpreted as an indication of hypervalent interactions. Their vanishingly small integrated COHP values in this case, however, does not support such bonding description.
Lastly, we would like to comment on the hypothesis that the structural chemistry of many transition-metal intermetallics can be explained through isolobal analogies to molecular transition-metal complexes. 49 It is speculated that the transition metals tend to achieve 18 electrons (expanded octets) around them; therefore the structures could be rationalized by applying the 18 − n "rule" (n is the number of covalent bonds with other metals in which a given transition metal participates). 49 Taking into account the Ru-Cu bonding and the mul- (1) the Ru(1)-Ru(2) interactions, which were not considered in the above-mentioned 18 − n electron partitioning, are important to the bonding; (2) the actual number of valence electrons for Cu 3 Ru 6 Sb 8 is short of that predicted because although the 18 − n "rule" applies well to simpler binaries, our ordered ternary structure with competing metal-metal interactions requires an augmented electron count; and (3) atomic packing constraints may play a significant role in the stabilization of this bonding pattern, as this structure is a filled version of a hexagonal closed-packed structure.
Further indication of the delicate interplay between electronic and geometric factors in this structure is the fact that both DOS and COHP (Fig. 5) show two regions of potentially enhanced electronic stability-slightly above and below the Fermi level, evidenced by the very small DOS and COHP values at ca. +1 eV, and ca. −0.4 eV, respectively. Given that, it will be interesting to attempt synthesizing electron richer and poorer versions of Cu 3 
Magnetism
The magnetic response of polycrystalline Cu 3 Ru 6 Sb 8 as a function of the temperature is shown in Fig. 6 . The background from the sample holder and the core electrons were obtained from separate measurements. These were subtracted from the raw data. The sample was measured under applied fields of 500, 1000, and 5000 Oe and the three plots in the main panel show an increase of the magnetic moment (normalized per mol) as the temperature is lowered, but reveal no ordering down to 2 K. Field-cooled and zero field-cooled data show no divergence. The response appears to be typical for paramagnets.
Plotting the inverse magnetic susceptibility against temperature indicates Curie-Weiss behavior in a relatively wide temperature region, confirming the notion that the material is paramagnetic. The effective moment p eff and the paramagnetic Weiss temperature θ W obtained from the linear regression are ca. 0.7 μ B and ca. −10 K, respectively. A better and more accurate fit to the data was obtained using the modified CurieWeiss law (ESI †), whereby a temperature independent term (χ 0 ) was introduced, and its value estimated from a non-linear fitting procedure. This resulted in the following numerical parameters: χ 0 = 0.0012 emu mol −1 Oe −1 , p eff = 0.78 μ B , and 50 The discrepancy is even larger if one considers different spin-states for Ru and the fact that there are multiple metal sites per formula unit. We also note that the temperature-independent term is positive and fairly large compared with the diamagnetic temperature independent term (by one order of magnitude). The magnetization data at 2 K and 10 K are shown in Fig. 7 . The magnetization curves resemble those that are typically attributed to polarization of local moments owing to the external magnetic fields, with tendency for saturation more evident at 2 K. However, the projected saturation value is far less than the estimated effective moment obtained by applying the modified Curie-Weiss procedure to the susceptibility data.
Despite the apparent Curie-Weiss characteristic of the magnetic susceptibility, the very low effective moment and the vanishingly small saturation value suggest that the magnetism observed in Cu 3 Ru 6 Sb 8 arises from itinerant electrons, rather than localized ones. The itinerant magnetism in d-electron materials has long been a subject of extensive studies and the current consensus is that the effect of spin fluctuation is the origin of Curie-Weiss-like susceptibility. 51 It follows then, that the large positive χ 0 can be explained by the Pauli paramagnetic contribution of the itinerant electrons. The metallic temperature dependence of the resistivity of Cu 3 Ru 6 Sb 8 also supports this itinerant magnetism picture (ESI †).
Conclusions
The ternary antimonide Cu 3 Ru 6 Sb 8 , obtained by a direct fusion of the respective elements, was described for the very first time. Its structure was established from X-ray singlecrystal diffraction method and found to crystallize in its own structure type. The structure is best viewed as a derivative of the NiAs structure type, recognizing the hexagonal closepacked array of Sb atoms, with the transition metal atoms in both octahedral and tetrahedral holes. Specifically, it is a super-structure of the NiAs-type spatial arrangement, where two different transition metals are ordered on the octahedral sites, while 1/8 th of them are vacant and 1/8 th of the available tetrahedral sites are filled. The resultant Cu 3 Ru 6 □ Sb 8 total structure can therefore be rationalized as a "stuffed" derivative of the NiAs structure. Cu 3 Ru 6 Sb 8 is a metal, both from experimental and computational points of view. The delocalized nature of the interactions precludes the straightforward application of the valence rules, and as a result, certain aspects of the chemical bonding in this new structure type, are yet to be fully understood. Metal-metal bonding, in particular, appears to be very strong and further exploratory work to find other isotypic or structurally-related phases with different transition metals is warranted. Such studies are presently ongoing.
